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ABSTRACT

Presented here is a working methodology for adapting a Lawrence
Livermore National Laboratory (LLNL) developed hydrocode, ALE3D, to
simulate weapon damage effects when afterburn is a consideration in the
blast propagation. Experiments have shown that afterburn is of great
consequence in enclosed environments (i.e. bomb in tunnel scenario,
penetrating conventional munition in a bunker, or satchel charge placed
in a deep underground facility). This empirical energy deposition
methodology simulates the anticipated addition of kinetic energy that has
been demonstrated by experiment (Kuhl, et. al. 1998), without explicitly
solving the chemistry, or resolving the mesh to capture small-scale
vorticity.

This effort is intended to complement the existing capability of either
coupling ALE3D blast ssimulations with DYNA3D or performing fully
coupled ALE3D simulations to predict building or component failure, for
applications in National Security offensive strike planning as well as
Homeland Defense infrastructure protection.

INTRODUCTION AND BACKGROUND

When an explosive detonates, a shock and afireball are produced. The detonation
products in the expanding fireball contain combustible hydrocarbons, such as CO and C,
that react at high temperatures with oxygen in the air. The combustion of these products
releases energy into the fireball asit expands. The combustion equivalently increases the

total energy of the detonation and its contribution is referred to as afterburn energy.



Afterburn is measured experimental by measuring the overpressurein afixed location
after an explosive is detonated in a closed system (Kuhl, et. al.1998). Time histories of
the pressure in asealed container initially filled with 1 bar of air show this effect when
the overpressure in the tank stabilizes above zero for along duration after the detonation,
while the exact same charge and tank filled with nitrogen asymptotes to atmospheric
pressure. Thisisadirect result of the addition of combustion energy from afterburn and,
in this experiment, the overpressure for the air case stabilizes between 2.5 and 3 bar
(Figure 1). This combustion energy is not negligible for blasts in an enclosure, and it
accounts for roughly 70% of the total energy found in an explosion. For example, the
heat of detonation, AHgy, for TNT alone is-247 kcal/mol TNT, while the AH from
afterburn is-567 kcal/g mol TNT, so the total energy is—814 kcal/mol TNT (Figure 2).
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Figure 1: Comparison of confined explosionsin air and N, environments



Initial detonation AHq = -247 kcal/mol:
C/Hs5N3Og 2> 15N, +25H,0+35C0O+35C
(TNT)

Combustion of C and CO products
35CO0+35C+5250, - 7CO,

Tota reaction AH. = -814 kcal/mol:
C/H5N30g +5250, 2 15N, +25H,0+7 CO,

Afterburn energy:
AHag = AHc - AHyg=-567 kcal/g mol TNT

Figure 2: Chemistry of reaction from Cooper (1996) pp 132-3

The goal of this study isto characterize the source term for structural defeat or
component defeat, and it isimperative that the energies from the blast are calculated
appropriately. Consequently, this paper documents the development of an empirical
energy deposition model that enhances the energy deposition into the explosion products
in ALE3D.

Work similar to this has been proceeding in A-Division at LLNL for years and they are
implementing a 3-D Adaptive Mesh Refinement (AMR) code as their tool to explicitly
simulate the chemistry of the problem. Their research has shown that small-scale
vorticity is what drives the mixing and subsequent afterburn combustion. Although the
AMR code does an excellent job on afterburn predictions and turbulent mixing of
detonation products in enclosed geometries, resolving small-scale vorticity isa
computationally demanding problem. For national security and military applications of
interest, thereisaneed for amore empirical, “quick and dirty” analysis methodology that

can be performed at relatively coarser mesh resolutions.



PROCEDURE

Using the aforementioned data from the HEAF tests, a half symmetry finite element mesh
of asealed pressure vessel isbuilt in True Grid for analysisin ALE3D. The model
includes asingle 800 g cylindrical TNT charge, surrounded by a mesh of air, and
enclosed by a stainless steel vessdl (Figure 3).

800 g TNT charge

Figure 3: Graphic of ALE3D problem

It is assumed that thereis zero energy loss to the walls (the time scale is too short for
heat transfer) and that gravity does not act on the expanding products. The Jones-
Wilkins-Lee (JWL) equation on state (Dube, et. al., 1999) is used to calculate the
expansion of the detonation products. JWL takes the energy of detonation as input and
has been shown to reproduce the correct energy and far-field pressure time histories
compared against experiments. It will not, however reproduce the near-field pressure
wave, but WL was chosen here over a programmed burn model because the volumetric
burn approach of JWL isless computationally draining, and our concern hereisonly far-
field pressure. Therewas aso atritonal (TNT + 20% aluminum powder) case study in
the referenced experiment, but that was not looked at here because the effects of



afterburning detonation products is masked (and enhanced) by the burning of the

entrained aluminum powders.

The JWL aone will only predict the oxygen-deprived environment because it does not
account for afterburn. For the afterburn phenomenology, energy is added directly into
the explosive products to create a time-dependent-JWL. The JWL block is set up asit
would be for asimple TNT volumetric burn. Parameters used are (in “B-Division” units)
p = 1.632 g/cc, Eo = 0.078 Mbar, A =4.5138 Mbar, B =0.105784 Mbar, R; =4.5, R, =
1.5, and o = 0.25 (Souers, 1999). The magnitude of the energy deposition comes from
the CHEETAH detonation state code that predicts the final thermodynamic state of an
explosive and it includes detonation as well as afterburn energy, however it does not give
burn rate. For this800g TNT example, the afterburn energy is calculated by C. Souers of
Chemistry and Chemical Engineering Division to be 4826.5 kJ/mol TNT (Souers, 2000).
Initial detonation and the subsequent afterburn occur over a period of time, it is
inaccurate to add all the energy into the calculation at once, so atime dependency must
be derived.

DERIVING THE ENERGY DEPOSITION

As previoudly stated, the total afterburn energy is given by the CHEETAH detonation
state code. The hypothesis here is that this energy is deposited into the explosive
products as the fireball expands and is completed by the time the fireball reachesits
maximum. This methodology then predicts that the bulk of the combustion occurs as the
fireball is expanding. Recall that afireball expands with the shock, reaches a maximum
radius, then contracts while the shock continues on. For simple geometries and open air
explosions of TNT, the fireball radius can be calculated from tables and the time of
influence is calculated by the detonation velocity. For more complicated geometries a
JWL-non-afterburn expansion scenario can be calculated to predict the fireball
expansion. Then, the energy from CHEETAH is added from early time to the time that
the fireball stagnates. Although cumbersome, because the calculations are done twice



(once without energy and then again with the energy deposition), this seemsto best

reproduce the experimental data while still being physical.

For this problem the author aso looked using the mass fraction of burned detonation
products as a function of time as amultiplier for the afterburn energy and also having
ALE3D explicitly calculated vorticity in the explosive products, but neither of these
Situations gave realistic answers.

For this case, an ALE3D calculation was performed without afterburn that tracked the
fireball expansion and showed the maximum fireball radius of 160 cm at ~3.5 ms. The
afterburn energy from CHEETAH is 4826.5 kJ/mol TNT and the molecular weight of
TNT is227.13 g/mol. Energy divided by molecular weight yields 21.25 kJ/g TNT or
0.2125 Mb cc/g in B-Division units (for input to ALE3D). Starting the deposition at 0.1
msto alow for the initial detonation expansion transient and going out to the maximum
fireball radius at 3.5 ms gives a mass energy rate of 6.25e-5 Mb cc/ps g for a constant
deposition and 1.25e-4 6.25e-5 Mb cc/ps g for alinear deposition over the range of
fireball expansion. Figure 4 shows the results of these calculations. The constant
deposition had an average value of 3.0 bar and the linear deposition had an average of 2.7
bar — both within the 2.5-3 bar range shown in experiment.
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Figure 4: Comparison of overpressure time histories with experimental data

CONCLUSION

Presented here is an empirical resource to produce afterburn phenomenology in an
ALE3D simulation. This methodology derived a simple to implement, and physically
based energy deposition term that produces realistic answers based on comparison with
experiment. Users should exercise caution in the implementation of this methodology that
has only been tested on one experiment and timescale.
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